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Phosphorylation of Mei2 and Ste11 by Pat1 Kinase
Inhibits Sexual Differentiation via Ubiquitin
Proteolysis and 14-3-3 Protein in Fission Yeast
1988). Mei2 needs to bind meiRNA (encoded by the
sme1 gene) in order to promote meiosis. meiRNA func-
tions as a cofactor of Mei2 to aid in its nuclear import,
leading to the formation of intranuclear Mei2 dot struc-
tures (Yamashita et al., 1998). Genetic evidence sug-
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function (Watanabe et al., 1997). In line with this, evenUniversity of Tokyo
modest overproduction of the nonphosphorylatableHongo, Tokyo 113-0033
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the molecular mechanisms underlying phosphorylation-Japan
dependent downregulation of Mei2 remain elusive (Ya-
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The ste11 gene encodes a transcription factor with an
Summary HMG motif (Sugimoto et al., 1991). Ste11 binds DNA se-
quences that carry a consensus “TR box” (TTCTTTGTTY).
Fission yeast Pat1 kinase inhibits sexual differentiation This TR box is found in the 5 regions of a number of
by phosphorylating the meiotic inducer Mei2 and the genes, which are expressed under conditions of nutri-
transcription factor Ste11. Here, we show how Pat1 tional starvation and mating signaling (Kjærulff et al.,
downregulates these proteins. Mei2 is degraded via a 1997; Sugimoto et al., 1991). These target genes include
ubiquitin-proteasome pathway in a phosphorylation- mat1-Pc, mat1-Mc, mei2, and interestingly, ste11 it-
dependent fashion. The E2 Ubc2 and the E3 Ubr1 are self (Kunitomo et al., 2000). It has also been reported
required for this proteolysis. In addition, Pat1 nega- that Ste11 is a substrate of the Pat1 kinase (Li and
tively regulates Ste11 via Rad24/14-3-3, thereby re- McLeod, 1996), although the physiological implications
pressing mei2 transcription. The Pat1 phosphoryla- and inhibitory mechanisms of this phosphorylation re-
tion sites of Ste11 match the consensus recognition main to be determined.
sequence for 14-3-3. Rad24 binds preferentially to The proteasome is a large mechanochemical com-
phosphorylated Ste11, and this binding results in inhi- plex, which degrades ubiquitylated substrates (Hershko,
bition of the transcriptional activation capacity of 1997; Hochstrasser, 1996). Ubiquitin is transferred to
substrates via a series of enzymatic reactions catalyzedSte11. Overall, therefore, these results show that Pat1
by E1, E2, and often E3. The 14-3-3 family of proteinscoordinates concerted molecular mechanisms that
binds the phosphopeptide (RSXpSXP and RXY/govern the sexual differentiation developmental de-
FXpSXP; Aitken, 1996; Muslin et al., 1996; Xiao et al.,cision.
1995; Yaffe et al., 1997) and functions as molecules that
coordinate multiple signaling pathways. In fission yeast,Introduction
the rad24 and rad25 genes encode 14-3-3 homologs,
which play a role in the G2/M checkpoint control byHow the cell switches from the proliferating state to
binding Cdc25 phosphatase, resulting in the inhibitionthe differentiation pathway is one of the fundamental
of Cdc25 function (Ford et al., 1994; Lopez-Girona et al.,questions in developmental biology. In fission yeast, the
1999, 2001). In addition to mitotic cell cycle regulation,Pat1/Ran1 protein kinase (hereafter referred to as Pat1)
Rad24 plays a negative role in the meiotic pathway (Ta-
plays a central role in this decision process. Pat1 inhibits naka et al., 2000). In this study, we have addressed
initiation of meiosis during the mitotic cycle, such that in the molecular mechanisms underlying the inhibition of
the absence of Pat1 function, even heterothallic haploid meiotic initiation by the Pat1 protein kinase. We show
cells undergo meiosis from otherwise differentiation- that phosphorylation of Mei2 and Ste11 by the Pat1
inhibiting rich medium, which results in the production kinase regulates in concert ubiquitin-dependent degra-
of inviable spores containing less than 1C content of dation and 14-3-3-mediated transcriptional repression
DNA (Iino and Yamamoto, 1985a, 1985b; Nurse, 1985). of these proteins to create a multipartite inhibitory mech-
Mei2, an RNA binding protein with three conserved RNA anism of meiotic differentiation.
binding motifs (RRMs; Watanabe and Yamamoto, 1994),
plays a positive role in meiotic cycles (Bresch et al., Results
1985; Shimoda et al., 1985; Watanabe and Yamamoto,
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The Mei2 protein is present at low levels during the5 Present address: Center for Gene Science, Hiroshima University,
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Figure 1. Pat1 Regulates Stability of Mei2 via
the Ubiquitin-Proteasome Pathway
(A) Phosphorylated Mei2 is unstable. The
half-life of Mei2 was measured in mei2
(FYC71, lanes 1–4) or pat1mei2 (PN1693,
lanes 5–8) expressing Mei2 (pREP81-Pk-
mei2, lanes 1–8) or mei2 expressing non-
phosphorylatable Mei2-SATA (pREP81-Pk-
mei2-SATA, lanes 9–12).
(B) Proteasome-dependent degradation of
Mei2. Wild-type (lanes 1–5), ts mts2-1 (lanes
6–9), or ts mts3-1 (lanes 10–14) cells con-
taining pREP81-Pk-mei2 grown in minimal
medium at 26C were shifted up to 36C. After
a 1 hr incubation, thiamine was added.
(C) Phosphorylation-dependent forms of high
molecular weight Mei2. Wild-type (lanes 1
and 4) or mts2-1 (lanes 2 and 5) cells con-
taining the chromosomal mei2-HA gene
grown at 26C (lanes 4 and 5) were shifted up
to 36C for 2.5 hr (lanes 1 and 2). mts2 mutant
cells containing pREP81-Pk-mei2 (lane 6) or
pREP81-Pk-mei2-SATA (lane 7) grown in
minimal medium at 26C were shifted up to
36C for 2.5 hr. Extracts from nontagged
mts2-1 mutants were run in lane 3.
(D) Mei2, but not Mei2-SATA, is polyubiquity-
lated. 6His-ubiquitin (pREP2-6His-Ubi) was
coexpressed together with an empty vector
plasmid (pREP81, lanes 1 and 4), or pREP81-
derived plasmids containing either Pk-Mei2
(lanes 2 and 5) or Pk-Mei2-SATA (lanes 3 and
6), and ubiquitylated proteins were purified
with Ni2-NTA beads. Immunoblotting was
performed with anti-Pk antibody to examine
ubiquitylation of Mei2.
examine whether the Pat1 kinase plays any role in Mei2 cells, Mei2 was an unstable protein (Figure 1A, lanes
1–4; half-life is 8 min; see Figure 3B). In contrast, instability, the half-life of Mei2 was examined in wild-type
and pat1 mutants. For this purpose, the mei2 gene was the pat1 mutant, the stability of Mei2 was substantially
increased (the half-life was 90 min; lanes 5–9), sug-inserted under the thiamine-repressible weak promoter
(nmt81) in a Pk epitope-containing plasmid (pREP81- gesting that Pat1 is involved in Mei2 stability. In order
to confirm that the phosphorylation of Mei2 by Pat1Pk-mei2). Epitope tagging of Mei2 did not interfere
with protein function, as this plasmid was capable of plays a role in Mei2 stability, the half-life of the Mei2
mutant in which the two phosphorylation sites are mu-complementing the mei2 mutant in the absence of thia-
mine. The half-life of Pk-Mei2 was examined by immu- tated to alanine (Mei2-SATA; Watanabe et al., 1997) was
examined. It was found that Mei2-SATA was greatlynoblotting with the anti-Pk antibody following the addi-
tion of thiamine (promoter shutoff). In dividing wild-type stabilized even in wild-type cells (lanes 9–12). This result
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Figure 2. Ubc2 and Ubr1 Are Responsible for
Degradation of Mei2
(A) Accumulation of Mei2 in ubc2 mutants.
Protein extracts were prepared from expo-
nentially growing cells expressing chromo-
somally derived Mei2-HA in wild-type or indi-
cated ubc mutants at 30C (lanes 1–10), or in
a ts ubcP4 mutant grown at 25C (lane 11) or
shifted to 36C for 4 hr (lane 12), or wild-type
cells grown at 36C for 4 hr (lane 13).
(B) Stabilization of Mei2 in ubc2 mutants.
The half-life of Mei2 was measured in wild-
type (lanes 1–4) or ubc2 mutant cells (lanes
5–8) containing pREP81-Pk-mei2.
(C) Accumulation of Mei2 in ubr1 mutants.
Immunoblotting was performed in Mei2-3HA-
tagged strains in wild-type background (lane
1) or rhp18 (lane 2), ubr1 (lane 3), ubr11
(lane 4), or nontagged wild-type background
(lane 5).
(D) Identification of the destabilizing regions
in Mei2. Truncation or deletion mutants of
Mei2 containing N-terminal 3Pk tag were ex-
pressed from pREP81 plasmids and their
half-life was examined. Promoter shutoff by
the addition of thiamine and cycloheximide
as in (B). Samples were taken every half an
hour and immunoblotting was performed with
anti-Pk antibody (right). A schematic con-
struction of each construct is shown on the
left with the two phosphorylation sites (S438
and T527) marked as dots.
shows that Mei2 is unstable in vegetative cells and that mutants. To examine whether Mei2 is ubiquitylated,
Mei2 was tagged with HA epitope at its C terminus ofits stability is regulated via phosphorylation by the Pat1
the chromosomal mei2 gene (Mei2-HA) in wild-typekinase.
and the mts2-1 mutant. The C-terminally tagged Mei2
was functional and as unstable as N-terminally tagged
Phosphorylated Mei2 Is Degraded Pk-Mei2 in wild-type cells (data not shown). Protein ex-
via the Ubiquitin-Proteasome Pathway tracts were prepared in the presence of N-ethylmalei-
Given the high instability of Mei2, we examined whether mide and ubiquitin aldehyde to prevent deubiquitylation.
Mei2 is degraded by the ubiquitin-proteasome pathway. Immunoblotting showed that, in the mts2-1 mutant but
For this purpose, temperature-sensitive (ts) mts2-1 and not in the wild-type, not only was there accumulation
mts3-1 mutants, which are defective in subunits 4 and of Mei2-HA, but also higher molecular weight forms of
14 of the 26S proteasome, respectively (Gordon et al., Mei2-HA, most likely ubiquitylated forms, were evident
1993, 1996) were used. The half-life of Pk-Mei2 was at the restrictive temperature (Figure 1C, lanes 1 and
examined as before upon temperature shift up to the 2). In fact, even at 26C, slower mobility bands were
restrictive temperature (36C). As shown in Figure 1B, detectable (lanes 4 and 5).
In order to examine the role of Mei2 phosphorylationMei2 became substantially stabilized in both of these
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Figure 3. Both Mei2 Protein and Its Tran-
script Are Accumulated in Mutants Defective
in Rad24 Function
(A) Accumulation of Mei2 protein in rad24
mutants. Wild-type (lanes 3 and 4) or rad24
mutants (lane 2) containing chromosomal
mei2-HA gene were grown in rich medium,
and during exponential phase (lanes 2 and 3)
or late log phase (lane 4), protein extracts
were prepared. Extracts from a nontagged
rad24 strain were also run as a negative
control (lane 1).
(B) Instability of Mei2 in rad24 mutants. The
half-life of Mei2 was examined in wild-type
(lanes 1–6) or rad24 mutant cells (lanes 7–13),
both containing the repressible nmt-HA-mei2
gene.
(C) Increased mei2 transcripts in rad24
mutants. Total RNAs from exponentially
growing wild-type (lane 1), rad24 (lane 2),
ubc2 (lane 3), or pat1mei2 mutants (lane
4) were prepared and Northern analysis was
performed (upper). Ribosomal RNAs stained
with ethidium bromide are shown in the bot-
tom panel.
by Pat1 in the ubiquitin pathway, we examined whether disrupted (see Experimental Procedures) in a diploid
nonphosphorylatable Mei2 is ubiquitylated. Immu- which was heterozygous for mei2-HA. Haploid strains
noblotting was performed in protein extracts prepared that contain each ubc deletion and chromosomally
from the mts2-1 mutant expressing either Pk-Mei2 or tagged mei2-HA were then used to examine Mei2 lev-
nonphosphorylatable Pk-Mei2-SATA. While wild-type els. As shown in Figure 2A, in only one strain was there
Pk-Mei2 showed discrete bands of higher molecular significant accumulation of Mei2-HA (lane 3). This strain
weight as before, no slower mobility forms were detect- was defective in the ubc2 homolog (rhp6, corre-
able in Pk-Mei2-SATA (Figure 1D, lanes 6 and 7). This sponding to budding yeast RAD6; Reynolds et al., 1990).
result suggested that phosphorylation of Mei2 by Pat1 To confirm that Ubc2 regulates Mei2 stability, the half-
is necessary for its ubiquitylation. life of Pk-Mei2 was examined in the ubc2 mutant. It
To formally prove polyubiquitylation of Mei2 and the was found that Pk-Mei2 was stabilized in this mutant
requirement of phosphorylation, a 6His-tagged ubiquitin (Figure 2B).
was expressed in an mts2-1 strain which contained Pk- Next, we investigated Mei2 levels in mutants defective
Mei2 or Pk-Mei2-SATA, and hexahistidine (6His)-ubiqui-
in various E3 ubiquitin ligases. Among several mutantstin was purified using Ni2-NTA beads. Immunoblotting
examined, we found that in ubr1 cells, Mei2 accumu-with anti-Pk antibody showed that higher molecular
lated to high levels (Figure 2C, lane 3). Accumulation ofweight bands of Pk-Mei2 were ubiquitylated (Figure 1D,
Mei2 was Ubr1 specific, as mutants defective in otherlane 5). In contrast, Pk-Mei2-SATA was hardly ubiqui-
RING fingers, such as Rhp18 (the homolog of buddingtylated, although some residual ubiquitylation appeared
yeast Rad18) or Ubr11, showed low levels of Mei2 (lanesto have occurred (lane 6). We concluded that Mei2 is
2 and 4). Ubc2 and Ubr1 are the enzymes involved inpolyubiquitylated and degraded through the ubiquitin-
the N-end rule pathway, which determines metabolicproteasome pathway in a manner dependent upon Pat1-
instability of proteins that contain a destabilizing N-ter-mediated phosphorylation.
minal residue (Bachmair et al., 1986; Varshavsky, 1996).
The results suggest that Mei2 is one of the physiologicalE2 Ubc2 and E3 Ubr1 Are Responsible
substrates of the N-end rule pathway.for Degradation of Mei2
In order to gain more insight into Mei2 degradation,We sought to identify an E2 ubiquitin-conjugating en-
we looked for destabilizing regions, which determinezyme (Ubc) and an E3 ubiquitin ligase that are responsi-
the instability of Mei2. The fact that Mei2-HA and N-ter-ble for Mei2 degradation. To this end, all the ORFs en-
coding Ubc homologs in the fission yeast genome were minally tagged Pk-Mei2 fusion protein are equally unsta-
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Figure 4. The Ste11 Transcription Factor Is
Also Accumulated in rad24 Mutants
(A) Accumulation of Ste11 in rad24 mutants.
Immunoblotting was performed using cells ex-
pressing tagged Ste11-Pk (lane 2, wild-type;
lane 3,pat1mei2; lane 4, rad24) and immu-
noblotting was performed. A nontagged strain
was shown as a negative control (lane 1).
(B) Accumulation and ubiquitylation of Ste11
in mts2 mutants. Wild-type (lanes 1 and 3) or
mts2-1 (lanes 2 and 4) cells which contained
chromosomal ste11-Pk gene were grown at
26C and shifted up to 36C for 2.5 hr, and
immunoblotting was performed (10g of total
proteins in lanes 1 and 2, 20 g in lanes 3
and 4).
(C) The half-life of Ste11 in rad24 mutants.
(D) ste11 transcript levels.
(E) Loss of Mei2 accumulation in rad24ste11
mutants.
ble suggests that Mei2 is degraded in a manner distinct Rad24 Negatively Regulates Mei2 Levels
via Transcriptional Repression,from the simple N-end rule pathway. In addition to this,
the second amino acid of Pk-Mei2 is glycine, classified Not through Protein Stabilization
Rad24/14-3-3 is shown to be involved in Mei2 inactiva-as a stabilizing residue according to the authentic N-
end rule (half-life  20 hr; Varshavsky, 1996). We have tion, although the molecular basis of this remains to be
determined (Tanaka et al., 2000). The two phosphoryla-also found that another tagged construct, GFP-Mei2, in
which serine (again with a half-life  20 hr; Varshavsky, tion sites of Mei2 show a close match to the consensus
sequence of 14-3-3 binding sites (see Table 2), and in1996) is the second amino acid, is also highly unstable
(K.K. and T.T., unpublished data). To address what the fact Mei2 binds Rad24/14-3-3 (Tanaka et al., 2000). In
order to address the relationship between Mei2 stabilitydeterminants for destabilization are, a series of C-termi-
nal and N-terminal truncation mutants were constructed and Rad24, the tagged mei2-HA gene was introduced
in the rad24 mutant, and Mei2 levels were examined.in a Pk-Mei2 background, in which all the constructs
shared the N-terminal Pk epitope (Figure 2D, left), and It was found that the amount of Mei2-HA accumulated
to high levels under conditions where cells were activelythe half-life of each protein was measured. Intriguingly,
it was found that the C-terminal 300 amino acid residues, dividing (Figure 3A). This increase of Mei2 was, however,
not attributable to protein stabilization, as Mei2-HA waswhich still contained two phosphorylation sites (429–
750), became almost completely stabilized (bottom pan- as unstable in this mutant as in wild-type (Figure 3B).
To test whether Rad24 regulates mei2 gene expres-els). In contrast, C-terminal deletion mutants of up to
200 amino acid residues (1–564) were as unstable as sion, Northern analysis was performed. As shown in
Figure 3C, mei2 transcript levels were upregulated inintact Pk-Mei2 (1–750). This analysis indicates that the
N-terminal 430 amino acid residues, but not specific therad24 mutant (upper panels). Taken together, these
data show that Rad24 downregulates Mei2 levels viaN-terminal amino acids, play a crucial role in Mei2 degra-
dation. repression of mei2 gene expression.
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Table 1. mei2 Reporter Levels in pat1 Mutants
Strains -Galactosidase activity (units)
Wild-type 29.7 	 0.3
pat1mei2 227.1 	 2.6
Strains (KJ184-2B and KCR117) containing integrated mei2-lacZ
(the lacZ gene is integrated under the mei2 promoter) were grown
in rich medium, collected, and -galactosidase activities were mea-
sured. Basal -galactosidase activities in strains without mei2-lacZ
are 1.0 	 0.1.
was indistinguishable between wild-type and rad24 mu-
tants (Figure 4C). Instead, we found that with Mei2,
ste11 mRNA was highly upregulated in rad24 mutants
(Figure 4D, lane 2). In contrast, the increase of ste11
transcript in ubc2 or pat1 mutants was much more
modest, if increased at all (lanes 3 and 4).
Next, the requirement of Ste11 for Mei2 upregulation
in rad24 mutants was addressed. For this purpose,
double mutants between rad24 and ste11 were con-
structed. In contrast to the huge accumulation of Mei2
in a single rad24 mutant, very little, if any, Mei2 was
found in rad24ste11 strains (Figure 4E). Therefore, the
accumulation of mei2 mRNA in the rad24 mutant is
fully dependent upon Ste11 and most likely attributable
to the increased levels of Ste11 in this mutant.
Rad24 Inhibits Ste11 Activity in a Pat1-
and Phosphorylation-Dependent Manner
How does Rad24 downregulate Ste11 levels without
affecting protein stability? As a first step toward answer-
Figure 5. Rad24 Inhibits Ste11-Dependent Gene Expression ing this question, Rad24 was overproduced and endog-
(A) Downregulation of Ste11 levels by overproduction of Rad24. enous Ste11 levels were examined. As expected, overall
Plasmids containing rad24 (pREP2-rad24, lane 1) or an empty Ste11 levels were reduced under this condition (Figure
vector (lane 2) were expressed in a Ste11-Pk strain and Ste11 levels 5A). This result showed that Rad24 is capable of down-
were examined.
regulating Ste11 levels. As the expression of ste11 tran-(B) Inhibition of Ste11 activity. Doubly transformed strains that con-
scripts depends on Ste11 function itself (Kunitomo ettained vectors (lane 1), a vector and pREP2-rad24 (lane 2), pREP81-
al., 2000; Sugimoto et al., 1991), the reduction of itsGFP-ste11 and a vector (lane 3), pREP81-GFP-ste11 and pREP2-
rad24 (lane 4), pREP81-GFP-ste11-AA and a vector (lane 5), and protein levels is most likely ascribable to reduced ste11
pRE81P-GFP-ste11-AA and pREP2-rad24 (lane 6) were grown in mRNA via a negative feedback loop. Next, in order to
derepressed conditions and protein extracts were prepared. Immu- address whether Rad24 directly inhibits Ste11 activity
noblotting was performed with anti-GFP (upper), anti-14-3-3 (mid-
as a transcription factor, Rad24 was overproduced indle), or anti-HA antibody (lower). Asterisks show nonspecific bands.
cells that contain the episomal ste11 gene driven byQuantitative calibration of Mei2-HA levels using an NIH image is
the nmt promoter (pREP81-GFP ste11) instead of theshown at the bottom.
normal promoter. To measure Ste11 activity in this
strain, endogenous Mei2 levels were examined as a na-
tive reporter. As shown in Figure 5B, Mei2 levels wereSte11 Is a Target Transcription Factor for Pat1-
increased in Ste11-expressing cells (compare lanes 1and Rad24-Dependent Transcriptional
and 3). In contrast, when Rad24 was cooverproducedRepression of mei2
with Ste11, Mei2 levels were greatly reduced (lanes 3It is known that the Ste11 transcription factor is respon-
and 4). Note that overall Ste11 levels (GFP-Ste11) weresible for transcriptional induction of mei2 mRNA under
indistinguishable, irrespective of Rad24 overproduction.differentiation-inducing conditions as well as for the
maintenance of basal levels of mei2 transcripts (Sugi-
moto et al., 1991). In order to address whether Rad24
Table 2. Alignment of Pat1 Phosphorylation Sites with 14-3-3is involved in the regulation of Ste11 function, Ste11
Binding Consensus Sequence
levels were examined in various mutants. Like Mei2,
14-3-3 binding consensus RSXpSXPSte11 was upregulated in the rad24 mutant (Figure 4A,
lane 4). Furthermore, Ste11 levels accumulated in mts2 Pat1 phosphorylation consensus PXXRS/TXpS/pT
Ste1 (170–175) RSHpTIPmutants and in this case, slower mobility bands, mostly
(215–220) RTKpSVClikely ubiquitylated forms, were detected (Figure 4B). High
Mei2 (435–440) RTEpSSPlevels of Ste11 in the rad24 mutant were not attributable
(524–529) RSLpTVG
to the increased stability of Ste11, as the half-life of Ste11
Mechanism of Differentiation Switch
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Figure 6. Rad24 Binds Preferentially to
Phosphorylated Ste11
(A) Phosphorylation-dependent binding be-
tween Ste11 and Rad24. Cell extracts were pre-
pared from doubly transformed cells used in
Figure 4 (except that pRF42 was used instead
of pREP2-rad24), and immunoprecipitation
was performed with anti-FLAG antibody (lanes
4–6) or anti-GFP antibody (lanes 7–9). Total
extracts (lanes 1–3) and immunoprecipitates
(lanes 4–6) were run on SDS-PAGE and immu-
noblotted with anti-FLAG (upper) or anti-GFP
antibody (lower).
(B) Preferential binding between GST-Rad24
and phospho-Ste11. Approximately 7.5 g of
purified GST alone (lanes 1–4) or GST-Rad24
(lanes 5–8) were mixed with GSH beads and
cell lysates prepared from wild-type cells ex-
pressing pREP81-myc-ste11 (lanes 2 and 6),
nonphosphorylated pREP81-myc-ste11-AA
(lanes 3 and 7), or pat1 mutants expressing
pREP81-myc-ste11 (lanes 4 and 8). Lysates
(60 g) from each yeast strain were also run
(lanes 9–12). The amount of Myc-Ste11 was
analyzed by immunoblotting against anti-
Myc antibody. Coomassie brilliant blue stain-
ing of purified GST-Rad24 or GST used is
shown in the lower panel (lanes 1–8).
This result clearly indicated that Rad24 is capable of reporter (lacZ was integrated under the endogenous
mei2 promoter) were used. Compared to wild-typeinhibiting Ste11 activity without affecting its protein
levels. cells, pat1 mutants showed 8-fold more-galactosidase
activity (Table 1). Taken together, these results indicatedSte11 is phosphorylated by Pat1 at two sites (T173
and S218; Li and McLeod, 1996). To find whether a that Ste11-AA is more potent as a transcription factor
than wild-type and that Rad24 requires Pat1-dependentrelationship between the phosphorylation of Ste11 and
the downregulation by Rad24 exists, these two sites phosphorylation of Ste11 for its inhibitory activity.
were mutated to alanine (Ste11-AA), and the effects of
Rad24 overexpression were examined. In clear contrast
to wild-type Ste11, Rad24 was no longer able to inhibit Rad24 Binds Preferentially to Phosphorylated
Ste11nonphosphorylatable Ste11; Mei2 was still upregulated
in cells expressing Ste11-AA and Rad24 (Figure 5B, We noticed that amino acid sequences around two Pat1
phosphorylation sites of Ste11 (170RSHpTIP andcompare lanes 4 and 6). To further address the involve-
ment of Pat1, Ste11 activity was examined in pat1 mu- 215RTKpSVC), like those of Mei2, resemble the consen-
sus recognition sequence of 14-3-3 (RSXpSXP; Tabletants. For this purpose, strains containing the mei2-lacZ
Figure 7. A Molecular Model for Multiple
Negative Regulation toward Mei2 and Ste11
by the Pat1 Kinase
The mechanisms of how the Pat1 kinase in-
hibits entry into the sexual life cycle. The Pat1
kinase phosphorylates the meiotic inducer
Mei2, which results in Ubc2/Ubr1-dependent
degradation of Mei2. Simultaneously phos-
phorylated Mei2 is negatively regulated by
Rad24/14-3-3, which directly binds Mei2 (M.
Sato, Y.W., and M.Y., unpublished data). Pat1
also phosphorylates the transcription factor
Ste11, which leads to binding by Rad24 and
inhibition of Ste11 activity as a transcription
factor. Ste11 is also degraded via the ubiqui-
tin-proteasome pathway; however, degrada-
tion is Ubc2 independent.
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Table 3. Fission Yeast Strains Used in this Study
Strains Genotypes Derivations
HM123 h
leu1 Our Stock
513 h
leu1ura4 Our Stock
mts2 h
leu1mts2-1 Our Stock
mts3 h
leu1mts3-1 Our Stock
PN1693 h
leu1ura4mei2::ura4pat1::ura4 Obtained from Dr. P. Nurse
PN2029 h
leu1ura4rad24::ura4 Obtained from Dr. P. Nurse
FYC71 h90leu1ade6mei2::mei2-lacZ ATCC
ubcP4-140 h
leu1ura4ade6ubcP4-140(ura4) Obtained from Dr. F. Yamao
P3-3A h90leu1ura4ade6ubc7::ura4mei2-3HA-kanr This Study
TP503-1A h90leu1ura4ade6ubc15::ura4mei2-3HA-kanr This Study
TP504-1B h90leu1ura4ade6ubc6::ura4mei2-3HA-kanr This Study
TP505-4B h90leu1ura4ade6ubc1::ura4mei2-3HA-kanr This Study
TP507-1A h90leu1ura4ade6ubc8::ura4mei2-3HA-kanr This Study
TP508-7A h90leu1ura4ade6ubc16::ura4mei2-3HA-kanr This Study
TP513-7C h90leu1ura4ade6ubc13::ura4mei2-3HA-kanr This Study
KCR17 h
leu1ubc2::kanr This Study
KCR44 h90leu1ura4ade6mei2-3HA-kanr This Study
KCR46 h
leu1mei2-3HA-kanr This Study
KCR48 h
leu1ura4rad24::ura4mei2-3HA-kanr This Study
KCR50 h
leu1mts2-1mei2-3HA-kanr This Study
KCR51 h
leu1ura4mei2-3HA-kanr This Study
KCR70 h
leu1ura4kanrp41nmt1-3HA-mei2 This Study
KCR77 h
leu1ura4rad24::ura4kanrp41nmt1-3HA-mei2 This Study
KCR79 h
leu1ura4ade6ubcP4-140(ura4)mei2-3HA-kanr This Study
KCR85 h90leu1ura4ade6ubc2(rhp6)::ura4mei2-3HA-kanr This Study
KCR88 h90leu1ura4ade6ubc14::ura4mei2-3HA-kanr This Study
KCR97 hleu1ura4ste11-3Pk-kanr This Study
KCR98 h
leu1ura4rad24::ura4ste11-3Pk-kanr This Study
KCR99 h
leu1ura4pat1::ura4mei2::ura4ste11-3Pk-kanr This Study
KCR108 hleu1mts2-1ste11-3Pk-kanr This Study
KCR113 h90leu1ura4ubr1::ura4mei2-3HA-kanrade6 This Study
KCR114 h90leu1ura4ubr11::ura4mei2-3HA-kanrade6 This Study
KCR115 h90leu1ura4rhp18::ura4mei2-3HA-kanrade6 This Study
KCR116 h
leu1ura4rad24::ura4ste11mei2-3HA-kanr This Study
KCR117 h
leu1ura4pat1::ura4mei2::mei2-lacZ This Study
KJ184-2B h
mei2::mei2-lacZ This Study
2). This suggested that Rad24 binds Ste11 in a phos- (lanes 7 and 8). Binding is specific to Rad24 as Ste11
did not bind GST alone (lane 2). These results demon-phorylation-dependent fashion. To address this notion,
an interaction between Rad24 and Ste11 was examined strate that Ste11, when phosphorylated by the Pat1 ki-
nase, preferentially binds Rad24.by immunoprecipitation. As shown in Figure 6A, Ste11
was capable of interacting with Rad24 (lane 5), and more
importantly, that its binding was dependent on Ste11 Discussion
phosphorylation, as Ste11-AA failed to interact with
Rad24 (lane 6). From these results, we conclude that In this study, we have shown that the inhibition of meiotic
initiation by the Pat1 kinase consists of a network inthe Pat1 kinase phosphorylates Ste11, which results in
the direct inhibition of Ste11 transcription factor activity which two crucial substrates (Mei2 and Ste11) are nega-
tively regulated via the ubiquitin-proteasome and thein a Rad24-dependent manner.
In order to confirm the binding specificity between 14-3-3 protein pathways.
Rad24 and phospho-Ste11, another approach was un-
dertaken using bacterially produced Rad24. Rad24 was Downregulation of Mei2 by the Pat1 Kinase
Phosphorylation of Mei2 by Pat1 is essential for inhib-purified from bacteria as a fusion protein with GST (GST-
Rad24; Figure 6B, lower panel, lanes 5–8). Fission yeast iting initiation of meiosis during the mitotic cell cycle.
Previous work shows that expression of Mei2-SATA re-cell extracts were prepared from wild-type cells ex-
pressing pREP81-myc-ste11 or nonphosphorylated sults in lethal meiosis even in vegetative haploid cells,
indicating that Pat1-mediated phosphorylation plays apREP81-myc-ste11-AA, or from pat1 mutants express-
ing pREP81-myc-ste11 (upper panel, lanes 9–12) and crucial role in this inhibition. Here, we have found that,
upon phosphorylation by Pat1, Mei2 is rapidly degradedmixed with purified GST-Rad24 or GST as a control.
Bound products were analyzed by immunoblotting with via the ubiquitin-proteasome pathway. Furthermore, we
have demonstrated that Mei2 degradation is dependentanti-Myc antibody. Only Myc-Ste11 expressed in wild-
type cells was effectively pulled down (lane 6). The non- upon Ubc2 and Ubr1, which are involved in the N-end
rule pathway. It is intriguing that phosphorylation of in-phosphorylated form of Myc-Ste11-AA or Myc-Ste11
expressed in pat1 mutants failed to bind GST-Rad24 ternal residues (S438 and T527) of Mei2 is a prerequisite
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for Mei2 ubiquitylation and degradation. Proteolysis by which directly contrasts the case of Mei2 (S.K. and T.T.,
unpublished data). Instead, it appears that the directthe N-end rule pathway is usually dependent upon the
N degron, which includes an N-terminal destabilizing interaction of Rad24 impairs Ste11 activity, DNA binding,
or transactivation. In terms of the ubiquitin-mediatedresidue (Bachmair et al., 1986; Varshavsky, 1996). Our
analysis using tagged Mei2 protein, however, indicates proteolysis, unlike Mei2, Ste11 is degraded indepen-
dently of Ubc2 and phosphorylation by Pat1 (K.K. andthat, unlike authentic N-end rule substrates, the N termi-
nus of Mei2 is not a determinant for ubiquitylation and T.T., unpublished data).
degradation.
Instead, what becomes evident is that the N-terminal Prevalence of Differentiation Switch
430 amino acid residues, but not the C-terminal 320 In budding yeast, the switch between mitotic and mei-
amino acid sequence, play a crucial role in degradation. otic cycles is also regulated by a number of pathways
It should be noted that the stable N-terminally truncated (Kupiec et al., 1997); however, unlike fission yeast, there
Pk-Mei2 (429–750) does contain the two phosphoryla- have so far been no mutants or conditions found which
tion sites. This suggests that, unlike the SCF ubiquitin result in abnormal meiosis from heterothallic haploid
ligase (Deshaies, 1999; Tyers and Jorgensen, 2000), rec- cells. This difference might be attributable to distinct
ognition and binding of phospho substrates is not suffi- evolutionary history between these two yeasts, in which
cient for degradation of Mei2. It is possible that Pat1 budding yeast appears to have originated from a tetra-
phosphorylation may affect the tertiary structure of ploid rather than a haploid, as with fission yeast (Wolfe
Mei2, allowing phosphorylated sites to somehow inter- and Shields, 1997). In higher eukaryotes, how the mei-
act with destabilizing residues, distinct from the N-termi- otic pathway is repressed and induced at the molecular
nal amino acid. In spite of extensive biochemical analy- levels remains largely unknown. There is an apparent
sis, there are a few cases where in vivo substrates for lack of structural homologs for the Pat1 kinase in other
this pathway have been identified (e.g., budding yeast organisms; however, given the universal importance of
Cup9 and Scc1; Turner et al., 2000; Rao et al., 2001). the ubiquitin pathway and 14-3-3-mediated signaling,
Interestingly, destabilizing residues for both substrates we propose that this type of composite, negative regula-
are not at the N terminus, but rather at internal sites. It tory network would be operational not only in yeast but
should be pointed out that it is possible that, as in Scc1, in more complex systems as well.
Mei2 might be degraded via the N-end rule pathway
Experimental Proceduresafter initial cleavage by another protease.
Although Mei2 degradation is efficient and robust, we
Strains, Media, and Genetic Techniques
have found that the cell develops a second phosphoryla- The S. pombe strains used in this study are listed in Table 3. Stan-
tion-dependent inhibitory mechanism. In a separate set dard procedures for S. pombe genetics were followed as described.
of experiments, we have shown that the formation of an
Nucleic Acids Preparation and Manipulationintranuclear dot of Mei2 is regulated by meiRNA (Yama-
Northern hybridization was performed using Alk Phos DIRECT kitshita et al., 1998) and in addition, the nuclear export of
and CDP-Star (Amersham).Mei2 is under the control of exportin 1/Crm1 (Sato et
al., 2001). Rad24/14-3-3 interacts directly with phos- Plasmid Construction
phorylated Mei2, which downregulates Mei2 (M. Sato, Plasmids expressing Pk epitope-tagged Mei2 or phosphorylation
Y.W., and M.Y., unpublished data). The Pat1 kinase, mutant (pREP81-Pk-mei2 or pREP81-Pk-mei2-SATA, respectively)
were constructed by replacing the promoter region of pREP1(mei2)therefore, plays a negative role toward Mei2 in a dual
or pREP81(mei2-SATA) (Watanabe et al., 1997) with the fragmentmanner, first via the ubiquitin pathway and second via
derived from pREP81PkN (Craven et al., 1998), which contains thethe Rad24 pathway. Notably, these two pathways oper-
nmt81 promoter and three copies of Pk epitope. Plasmids containing
ate independently although initiated by the same signal, N-terminal (1–624 and 1–564) or C-terminal deletions (429–750) in
namely the phosphorylation of Mei2 by Pat1 (Figure 7). pREP81PkN were constructed using PCR-amplified fragments cor-
responding to each deletion. pREP81-GFP-ste11 was constructed
by inserting fragments encoding GFP in front of the initiator methio-Inhibition of Ste11 Transcription Factor
nine of the ste11 gene in pREP81-ste11 (made by ligating pREP81Pat1 also phosphorylates Ste11 (Li and McLeod, 1996).
with the PCR-amplified ste11 ORF). Using pREP81-GFP-ste11
In pat1 mutants, the deregulated accumulation of Ste11 as a template, Ste11 phosphorylation mutant (T173A and S218A,
triggers the further increase of Ste11 levels by activating pREP81-GFP-ste11-AA) was constructed. Also, Myc-tagged ver-
ste11 and mei2 transcription, which results in the sions of Ste11 were constructed in a similar manner (pREP81-myc-
ste11 and pREP81-myc-ste11-AA). All plasmids constructed areupregulation of Mei2 and Ste11 levels via an autofeed-
functional, as they complement corresponding mutants. Plasmidsback loop (Figure 7). This indicates that, during normal
for overexpression of rad24 were constructed with the PCR-ampli-mitotic cycles, in addition to the direct inhibition of Mei2
fied rad24 ORF (pREP2-rad24 and the FLAG-tagged rad24,
function, Pat1 suppresses meiotic entry via transcrip- pRF42).
tional repression. Intriguingly, both these substrates are
inhibited by the combined mechanisms of ubiquitin- Chromosomal Tagging of Mei2 and Ste11 at Its C Terminus
The PCR-based, oligonucleotide-mediated method was usedmediated proteolysis and 14-3-3 proteins, which might
(Ba¨hler et al., 1998).be advantageous for mitotic cells by maintaining Mei2
and Ste11 downregulation in a coordinated manner. De-
Systematic Disruption of Genes Encoding Ubiquitin-spite this parallel regulation, the molecular basis of the
Conjugating Enzymes and Ubiquitin Ligases
inhibitory mechanisms appears not to be identical be- Homology searching against the fission yeast genome database
tween Mei2 and Ste11. In the case of Mei2, Rad24 does (Sanger Centre, Hixton, UK) reveals that S. pombe contains at least
13 genes encoding ubiquitin-conjugating enzymes, among whichnot interfere with the subcellular localization of Ste11,
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nine correspond to known UBC genes in budding yeast (UBC1, 2 by JSPS Postdoctoral Fellowships for Research Abroad. This work
is supported by the ICRF and the Human Frontier Science Program[rhp6; Reynolds et al., 1990], 4 [ubcP1; Osaka et al., 1997], 6,
7 [ubcP3; Osaka et al., 1997], 8, 9 [hus5; Al-Khodairy et al., Research Grant (T.T.), and by Grant-in-Aid for Specially Promoted
Research from the Ministry of Education, Science, Sports, and Cul-1995], 12 [Osaka et al., 2000], and 13) and four (ubcP4, ubc14,
15, and 16) do not appear to have counterparts in budding yeast. ture of Japan (Y.W. and M.Y.).
All of these genes, except ubc9 and ubc12, which are not involved
in the ubiquitin pathway (Osaka et al., 2000; Tanaka et al., 1999), Received January 22, 2001; revised July 17, 2001.
were disrupted. A diploid strain which contained mei2-HA-kanr was
used as a recipient of transformation. In the case of the ubcP4 References
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